Introduction
Copper (Cu) is an essential trace metal for mammalians and human beings (1, 2) . One of the important physiological functions of Cu is to serve as a cofactor in a process of formation of new blood vessels, termed as angiogenesis (3, 4) . Tumor growth invasion and metastasis all depend on angiogenesis. It has been shown that tumors can not grow >1-2 mm 3 without forming new blood vessels (5) . High tissue levels of copper have been found in many types of human cancers, including breast, prostate, colon, lung and brain (5) (6) (7) (8) (9) . The ubiquitinproteasome-dependent degradation system plays an important regulatory role in processes of cell growth and apoptosis. Development of proteasome inhibitors as novel anti-cancer agents is currently under intensive investigation. Previously we found that certain organic copper ligands can react with cupric copper (CuCl 2 ) and form complexes. These complexes are potent proteasome inhibitors and can induce apoptotic cell death in cancer cells in vitro and in vivo (10) (11) (12) (13) . In the current study, we further investigated which oxidation states of copper, Cu(I) or Cu(II), serve as a proteasome inhibitor and an apoptosis inducer in cancer cells. Under cell-free conditions, we found that purified 20S proteasome could reduce Cu(II) to Cu(I) and that both Cu(I) and Cu(II) could inhibit the activity of a purified 20S proteasome, but Cu(I) is more potent that Cu(II). Data from cell culture studies showed that when Cu(I) or Cu(II) was mixed with neocuproine (NC), a copper-binding compound, both copper mixtures could inhibit proteasome activity and induce apoptosis in tumor cells, and Cu(I) mixture was slightly more potent. We also found that the Cu(I) mixture was a strong ROS inducer and that a ROS scavenger could block the ROS generation produced by Cu(I) mixture but could not overcome its proteasomeinhibitory activity. Our data suggest that the inhibition of proteasome activity by copper complexes might be mainly through the direct binding of copper to the proteasome, and that oxidative stress or ROS generation may be only partially responsible for the copper-induced tumor cell death. Cell cultures and whole cell extract preparation. Human Jurkat T cells were cultured in RPMI-1640 medium, supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. MDA-MB-231 human breast cancer cells were obtained from American Type Culture Collection (Manassas, VA) and grown in DMEM/F-12 supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. All cells were maintained at 37˚C and 5% CO 2 . A whole cell extract was prepared as described previously (10) .
Materials and methods

Reagents
Color change and precipitate formation reactions. NC, AH, CuCl and CuCl 2 were dissolved in DMSO to a final concentration of 50 mM. CuCl or CuCl 2 was then mixed with NC or AH in a 1:4 ratio or with NC and AH in a 1:4:4 ratio, followed by examination of color change, as an indicator of complex formation.
Trypan blue exclusion assay. The trypan blue dye exclusion assay was performed by mixing 20 μl of 0.4% trypan blue dye and 20 μl of Jurket T cells treated with different concentration of NC-copper complexes before injecting into a hemocytometer and counting. The number of cells that absorbed the dye and those that exclude the dye were counted, from which the percentage of non-viable cell number to total cell number was calculated. 
Results
Both NC-CuCl and NC-CuCl 2 were able to inhibit proteasome activity and induce cell death in human leukemia Jurkat T cells.
Previously we found that some copper ligands could react with cupric copper chloride (CuCl 2 ) and formed organic copper complexes (13) . These complexes were able to inhibit the cellular proteasome activity and induce apoptotic cell death in cancer cells in vitro and in vivo (10, 12, 13, 15) . In the current study we examined whether cuprous copper (CuCl) when mixed with a copper ligand could play the similar biological role as CuCl 2 in cancer cells. Because of the unstable nature of Cu(I) species, comparison of effect of oxidation status of inorganic copper in cells remains difficult. Therefore, we used neocuproine (NC), a copper ligand to form organic copper complexes with CuCl or CuCl 2 , respectively in the current experiment. It has been reported that NC can bind with inorganic copper, especially cuprous copper, to form a complex and present color changes from no color to light orange (16) . To test the reaction of NC with cuprous and cupric copper chloride, we mixed NC and CuCl or CuCl 2 solution in a 4:1 molar ratio in DMSO. Slight color change was observed in NC-CuCl mixture (data not shown), indicating that a chemical reaction had occurred. CuCl is not stable and is easily oxidized and converted to CuCl 2 . To protect CuCl from being oxidized to CuCl 2 , we added ascorbic acid (AH) as a reducer in a 1:4 molar ratio. (17) . When NC was mixed with AH and CuCl (NC-AH-CuCl) or with AH and CuCl 2 (NC-AH-CuCl 2 ), dramatic color changes were observed. There is no color change observed in the mixtures of NC-AH, AH-CuCl or AH-CuCl 2 (data not shown). We then used the mixtures of NC-CuCl-AH (AH was always added in NC-CuCl complex if not mentioned) and NC-CuCl 2 for further investigation using cancer cell culture. We hypothesized that NC-CuCl and NC-CuCl 2 may have similar biological effects on proteasome inhibition and apoptosis induction in cancer cells. First of all, we tested whether these complexes were capable of inhibiting the proteasome activity in intact tumor cells. Human leukemia Jurkat T cells were treated with NC-CuCl 2 or NC-CuCl-AH, with NC, AH, CuCl 2 , CuCl alone or DMSO as controls at indicated concentrations. After 3 h of treatment, cells were incubated with fluorogenic peptide substrate for additional 2 h and then proteasome chymotrypsin (CT)-like activity was measured. The results showed that both NC-CuCl 2 and NCCuCl-AH significantly inhibited the proteasome activity in intact Jurkat T cells, as indicated by decreased levels of the proteasomal chymotrypsin-like activity (Fig. 1A) . Moreover, the NC-CuCl-AH was more potent than that of NC-CuCl 2 , measured as 25 vs. 14% inhibition at 1 μM and 60 vs. 49% inhibition at 10 μM concentrations of NC-CuCl-AH and NCCuCl 2 , respectively (Fig. 1A) . In contrast, the treatments with NC, AH, CuCl 2 or CuCl alone had no effects on proteasome activity (Fig. 1A) .
Cytotoxicity against Jurkat T cells was then measured by trypan blue dye exclusion assay. Jurkat T cells were treated with different concentrations of NC-CuCl-AH or NC-CuCl 2 for 5 or 22 h (Fig. 1B and C) . The results showed that both copper complexes could induce cell death. Compared with NC-CuCl 2 , NC-CuCl-AH was more potent at all concentrations tested after 5 h of treatment, for example, 40% cell death by NC-CuCl-AH at 10 μM compared to 30% cell death by NC-CuCl 2 at the same concentration (Fig. 1B) . After 22 h of treatment, all the cells treated with 1 μM NC-CuCl-AH were dead. Treatment with NC-CuCl 2 mixture at the same concentration resulted in only 45% cell death (Fig. 1C) .
Treatment with NC-CuCl 2 and NC-CuCl-AH results in
proteasome inhibition and apoptotic cell death in breast cancer cells. We then examined the effects of NC-CuCl 2 and NC-CuCl-AH on solid tumor cells. Human breast cancer MDA-MB-231 cells were treated with NC-CuCl 2 , or NC-CuCl-AH or DMSO at indicated concentrations for 19 h (Fig. 2) . After each treatment, proteins were extracted and used for measurement of proteasome activity by decreasing levels of cellular proteasomal chymotrypsin-like activity and accumulation of ubiquitinated proteins and proteasome target protein IκB-·.
We found that both complexes could inhibit proteasomal chymotrypsin-like activity and that NC-CuCl-AH was more potent than NC-CuCl 2 at all concentrations tested ( Fig. 2A) . Also, levels of ubiquitinated proteins were accumulated by treatment with both complexes at all concentrations tested (Fig. 2B) . The ubiquitinated form (56 kDa) of IκB-· protein was observed mainly in the cells treated with 1 μM of NCCuCl 2 or NC-CuCl-AH (Fig. 2B) .
It has been reported that inhibition of proteasome chymotrypsin-like activity in cancer cells is associated with apoptosis induction (18, 19) . To investigate whether the complexes have apoptosis-inducing activity, morphologic changes and apoptosis-associated PARP cleavage were studied. Cellular apoptotic morphology changes (shrunken and blebbing) were observed starting at 0.5 μM and were more severe at 1 μM treatment with both complexes (Fig. 2C) . Consistent with apoptosis induction, PARP cleavage fragment p85 was observed in the cells treated with both complexes at 0.5 and 1 μM (Fig. 2B) . Both complexes have similar activity in inducing apoptosis. 2 can inhibit the activity of purified 20S proteasome. So far, all obtained data above have shown that both NC-CuCl and NC-CuCl 2 have similar effects on proteasome inhibition and cell death induction and NC-CuCl is slightly more potent than NC-CuCl 2 . However, it is still unclear what oxidation status of copper interacts with the proteasome complex. Some transition metal ions, mainly iron and copper, at reducing conditions, are able to catalyze the formation of hydroxyl radicals by Fenton-type reactions. If the proteasome inhibition caused by Cu(II) occurs via Fenton Reactions, we would expect that 20S proteasome could reduce Cu(II) to Cu(I), and the hydroxyl radicals could repeatedly be formed by recycling Cu(II) back to Cu(I). Indeed, when we incubated a purified 20S proteasome with cupric copper chloride at 37˚C for 2 h in the presence of the Cu(I) indicator bathocuproinedisulfonic acid (BCS), we detected formation of a Cu(I) species, as indicated by the appearance of a peak with maximal absorbance at 480 nm, a characteristic of the BCS-Cu(I) complex (Fig. 3A ) (14) . In contrast, after incubation of BCS with Cu(II) without purified 20S proteasome, just a slight increase in absorbance at 480 nm was observed, and BCS and Cu(II) alone did not cause any increase in the absorbance at 480 nm (Fig. 3A) . Those results clearly demonstrate that purified 20S proteasome is able to reduce Cu(II) to Cu(I), further suggesting that Cu(I) could directly react with 20S proteasome and consequently inhibit the proteasome activity. In order to measure the proteasome activity in the same experiment, the fluorogenic peptide substrate Suc-LLVY-AMC for proteasome was added to all the reaction mixtures above and incubated for 1 h, followed by determination of released fluorogenic AMC. The results showed that both CuCl and CuCl 2 alone could inhibit the activity of purified 20S proteasome (Fig. 3B) . Again, CuCl is more potent than CuCl 2 . The data also showed that the proteasome-inhibitory ability of both CuCl and CuCl 2 was significantly decreased when incubated with BCS (Fig. 3B) . It indicates that direct binding of copper to proteasome may play a critical role in its proteasome-inhibitory activity since BCS is a copper ligand which could compete with the proteasome for binding with copper.
Purified 20S proteasome is able to reduce Cu(II) to Cu(I) and both CuCl and CuCl
Both NC-copper complexes induce the production of ROS in breast cancer MDA-MB-231 cells, but NC-CuCl-AH is a much stronger ROS inducer. Production of ROS in cells is
well known to be related to apoptotic cell death (20) . A previous report demonstrated that copper and neocuproine complex induces apoptosis in astrocytes through oxidative stress and JNK activation (20) . In the current study we found that NC and copper complexes induced apoptosis in MDA-MB-231 cells (Fig. 2) . In order to determine whether generation of ROS play a role in proteasome inhibition and cell death induction caused by NC-CuCl and NC-CuCl 2 , we used an Image-iT assay system that enables to detect ROS in live cells (21, 22) . The ROS inducer TBHP was used as a positive control in this assy. The more ROS generates in cells, the more intensive fluorescent green will be visualized. In this study, MDA-MB-231 cells were treated with indicated concentrations of NC-CuCl-AH, NC-CuCl 2 or TBHP (positive control) for 1, 2 or 4 h. The results showed that both of the copper complexes were able to induce intracellular ROS production after 1 h of treatment (Fig. 4A) . However, after 2 and 4 h of treatment much more ROS production was accumulated in the cells treated with NC-AH-CuCl, compared with NC-CuCl 2 treatment (Fig. 4A) . The results showed that NC-AH-CuCl was a much stronger ROS inducer than NC-CuCl 2 . 
ROS scavengers block NC-copper-induced ROS generation in cancer cells, but can not inhibit the proteasome-inhibitory activity of the NC-copper complex.
To investigate the relationship between accumulation of cellular ROS production and the proteasome inhibition induced by NC-copper complexes, MDA-MB-231 cells were pre-treated with the ROS scavengers glutathione (Glu), histidine (His) or Nacetyl-L-cysteine (NAC) (23-25) for 30 min, and then cotreated with NC-CuCl-AH or NC-CuCl 2 for 4 h, followed by ROS image detection assay (Fig. 4B ) and analysis of proteasome inhibition by the chymotrypsin-like activity assay (Fig. 4C) . The results showed that either Cu(I)-or Cu(II)-induced ROS in the cells pretreated with Glu, His or NAC was almost completely eliminated (Fig. 4B ), however these ROS scavengers could not overcome proteasome inhibition induced by NC-Cu mixtures (Fig. 4C) . Furthermore, these ROS scavengers did not reduce the cell death induced by NC-copper complexes (Fig. 4B ). These findings indicated that the inhibition of proteasome activity by NC-Cu mixtures might be mainly through copper-proteasome direct binding.
The cytotoxicity and apoptosis induced by NC-Cu mixtures is associated with proteasome inhibition but not ROS induction.
Proteasome-inhibitory activity of NC-Cu(I) may involve direct interaction with proteasome.
We hypothesized that Cu(I)-proteasome interaction may be responsible for the observed proteasome inhibition. To test this hypothesis, a purified human 20S proteasome was pre-incubated with CuCl or CuCl 2 for 12 h. The free copper was removed by multiple wash-spins in an Ultrafree-MC centrifugal filter unit (MW cut-off 10 kDa). The 20S proteasome solution from each sample was then incubated with fluorogenic peptide substrates Suc-LLVY-AMC for 2 h, followed by measurement of proteasome activity. The data showed that both CuCl and CuCl 2 could inhibit proteasome activity and consistently Cu(I) was more potent than Cu(II) (Fig. 5A) . The results of Western blot in Fig. 5B confirmed that the amount of purified proteasome ß5 protein in each sample was very similar. A similar experiment using different concentrations of CuCl or CuCl 2 showed that direct inhibition of purified 20S proteasome by Cu(I) or Cu(II) was dose-dependent (Fig. 5C ).
Discussion
After revealing that copper is one of the pro-cancer factors and can boost angiogenesis in tumor tissue, scientists have tested whether reduction of copper level in cancer patients can present an anti-cancer effect. Results from clinical trials showed significant anti-angiogenic and antitumor effect of tetrathiomolybdate (TM), a copper-chelator, in the malignant pleural mesothelioma and the advanced kidney cancer patients (26, 27) . Our group has examined a series of copperbinding compounds and tested their antitumor activity. We found that among these compounds disulfiram and clioquinol possess proteasome-inhibitory and apoptosis-inducing properties when they are mixed with copper (10, 14) . We also examined tumor tissue from mice by X-ray fluorescence microscopy and found that Cu(I) was predominant in the growing tumor tissue while increased Cu(II) was found in tumors treated with clioquinol (28) . Therefore, a new question has been raised: which oxidation states of copper have anti-tumor activity when reacted with a copper ligand.
In the current study we mixed neocuproine (NC) a copper ligand with CuCl or CuCl 2 . We also used ascorbic acid (AH) as a reducer in NC-CuCl mixture to protect Cu(I) from oxidation. First, we tested NC-Cu(I) and NC-Cu(II) for their proteasome-inhibitory property. In the in vitro assay by using purified 20S proteasome we found that both copper mixtures inhibited proteasome activity and NC-Cu(I) was slightly more potent than NC-Cu(II). We further tested the proteasomal-inhibitory effect of both mixtures on cultured human breast cancer cells and the results were consistent with the findings in vitro. It has been reported that the majority of copper in cells and tissues is Cu(I) and that copper is reduced to Cu(I), when transported into a cell, by the copper transporter on cell membrane (29) .
Generation of ROS and its involvement in induction of various cancer cell apoptosis has been well investigated (6, 30) . We hypothesized that Cu(I) and Cu(II) may have different effects on ROS generation and thereby on cell apoptosis. Our findings showed that indeed NC-Cu(I) was a potent ROS inducer, compared with NC-Cu(II). However, the generation of ROS by NC-Cu(I) was not needed for its proteasome-inhibitory activity since ROS scavengers could block ROS generation produced by NC-Cu(I) but could not overcome its proteasomal-inhibitory activity. One of the possible mechanisms for NC-Cu(I) to inhibit proteasome activity may be direct binding of Cu(I) to the active site of proteasome ß5 subunit. Further experiments are needed to confirm whether ROS is involved in the cell death induced by copper complexes.
In summary, we have provided evidence that trace metal copper in different oxidation states have different biological effects in cancer cells. Copper plays an important role as procancer factor in tumor tissues especially in tumor angiogenesis and metastasis. Our findings demonstrated that when complexed with a copper ligand, copper preferentially in its reduced status could be converted to a proteasome inhibitor and an apoptosis inducer. The findings not only help us to further understand the biological effects of copper in different oxidation/reduction states in cells, but also provide a rationale for synthesis of copper-containing complexes as potential anticancer reagents.
